We determined the mitochondrial control-region sequences of five turnstones (Arenaria interpret) and three dunlins ( Calidris alpha). Comparisons revealed that the central part (part II) is conserved relative to much more variable parts at the beginning (part I) and the end (part III). This pattern of sequence conservation is also found in the control regions of other vertebrates. The average sequence divergence between turnstone and dunlin was 21.8% for part I, 7.5% for part II, and 29.5% for part III. Within-species sequence divergence over the entire control region was much lower, at 0.9% for turnstones and 2.0% for dunlins. In both shorebird species, part III contains a repetitive sequence composed only of A and C nucleotides, which has not been found in the control regions of other birds. A survey of the part I sequences of 25 turnstones and 25 dunlins sampled around the world revealed that these species have very different population genetic structures. Dunlins are not only much more differentiated in their sequences but also have a strongly subdivided population genetic structure. Pleistocene vicariant events combined with strong natal philopatry and high mutation rates of the sequences are likely responsible for this population genetic subdivision. Conversely, part I sequences of turnstones are weakly differentiated and are geographically unstructured.
Introduction
Because of its rapid rate of sequence evolution, almost strictly maternal mode of inheritance, and lack of recombination, mitochondrial DNA (mtDNA) is the molecule of choice both for studies of intraspecific sequence divergence (Wilson et al. 1985 ; but see Gyllensten et al. I99 1) and for constructing gene trees within and among related species (Avise et al. 1987; Avise 1989) . In addition, different regions of the molecule evolve at different rates, and thus an appropriate region can be selected to resolve the phylogenetic relatedness of the particular maternal lineages under study. The control region (or D-loop region) contains the heavy (H)-strand origin of replication, as well as the promoters of transcription for both strands (Clayton 1982 (Clayton , 1984 . It evolves three to five times faster than the remainder of the mitochondrial genome ( Aquadro and Greenberg 1983; Cann et al. 1984 ; but see Hoelzel et al. 199 1 ) , presumably because of lack of coding constraints.
Although the complete sequence of the control region is now known for a variety of vertebrates including the domestic chicken (Gallus gallus domesticus) ( Desjardins and Morais 1990) ) the study of this region in birds is just beginning. Early reports indicate that sequence evolution in bird control regions involves duplication of a short conserved sequence block in the chicken (Desjardins and Morais 1990) , and multiple nucleotide substitutions in hypervariable segments in different populations of snow geese (Quinn 1992) and shorebirds (Wenink et al. 1993 ). The latter are especially suitable for tracing the phylogeographic histories and population genetic structure of closely related lineages. For example, the control region has been shown to harbor considerable sequence variation that is useful in inferring gene genealogies among humans (Vigilant et al. 1989, 199 1; Di Rienzo and Wilson 199 1) .
The lack of sequence information for the control region in birds is presently constraining attempts to elucidate the molecular population structure and phylogeography of avian species. In this paper we report the control-region sequences of two migrant shorebirds, the turnstone (Arenaria interpres) and the dunlin (Calidris alpha) , and compare them with the published sequence of the chicken. Subsequently we assess the utility that intraspecific sequence variation in the most rapidly evolving part of the control region has for population genetic studies of these shorebird species. We show that the very different population genetic structures of the turnstone and dunlin are revealed in the pattern and magnitude of their controlregion sequence variation. These differences likely emanate from differences in their respective phylogeographic histories.
Material and Methods

Samples from Individuals
Blood samples were taken by puncture of the major wing vein and were mixed directly with 0.1 vol of 500 mM ethylenediaminetetraacetate (EDTA) pH 8.0. After being mixed with 80% ethanol, they could be stored indefinitely at 4°C. Turnstones and dunlins were captured on migration in the Dutch and German Waddensea. Other individuals were caught on their wintering grounds in Texas, Florida, and New Zealand.
Samples from breeding birds were taken in southern Alaska, around Hudson Bay (central Canada), in Alert (northeastern Canada), in Svalbard (northern Norway), in the Hardangervidda region (southern Norway), and in the Taymyr peninsula ( northern Russia).
Cloning mtDNA was purified from chicken heart with two CsCl gradient ultracentrifugations by using the conditions described in Van Wagner and Baker ( 1990) . A 4.2-kb BamHI restriction fragment known to contain the D-loop region in chicken (Glaus et al. 1980 ) was cloned into the pUC 18 vector, according to standard procedures (Sambrook et al. 1989) . The insert was then excised from the vector, purified by electrophoresis in low-melting-point agarose, and labeled by random priming (Feinberg and Vogelstein 1983) ) for use as a probe to detect the homologous region in the turnstone mtDNA.
A mitochondrially enriched DNA fraction was prepared from 5 ml of fresh turnstone blood, as follows: Cells were resuspended in 10 ml of buffer containing 150 mM NaCI, 2 mM CaC12, 10 mM Tris HCl pH 8.0 and were lysed gently by the addition of Nonidet P-40 to 0.2%. After the solution cleared, EDTA pH 8.0 was added to 10 mM, and nuclei were removed by repeated centrifugation.
Sodium dodecyl sulfate was added to the cytoplasmic supernatant to a final concentration of l%, and extraction was performed with equal volumes of phenol (at 65°C) and phenol-chloroform.
The DNA was precipitated with ethanol and was purified further with RNase and proteinase K digestions. It was once again extracted, precipitated, and dissolved in 10 l.~l of 10 mM Southern ( 1975 ) blots were prepared on Amersham Hybond N membranes with single and double digests of total turnstone DNA, to identify a fragment of clonable size containing the D-loop. A 5.0-kb BamHI/XbaI restriction fragment was detected by hybridization with the chicken D-loop probe. The enriched turnstone mtDNA preparation was then double-digested with BamHI and XbaI and was shotgun-cloned into pUC 18. Two positive clones with a 5.0-kb insert were identified by colony hybridization with the chicken D-loop probe. Colonies were grown up, and recombinant plasmid was purified by the standard alkali maxiprep protocol (Sambrook et al. 1989 ).
Sequencing
The turnstone insert was sequenced from both sides of the vector by using universal M 13 primers. Comparison with the chicken mtDNA sequence indicated that the BamHI restriction site was located inside the turnstone control region. Approximately 1 kb of sequence was determined using the Sanger dideoxy chain termination method (Sanger et al. 1977 ) coupled with successive sequencing-primer design at the end of each obtained sequence. Sequencing was carried out using the Sequenase kit (United States Biochemical), according to the recommendations of the manufacturer.
Amplification
The missing part of the turnstone control region at the beginning of the light (L) strand was obtained by in vitro amplification using the polymerase chain reaction (PCR) (Mullis and Faloona 1987) . One primer was designed ending in the anticodon loop of the chicken Glu-tRNA gene at 3 1 nucleotides upstream of the control region (Desjardins and Morais 1990) , CH 16746 L ( ACCCCAAGGACTACGGCTTGAA ). The other primer was located in a conserved region (on the basis of comparison with the chicken sequence) in the H strand near the beginning of the cloned turnstone control-region sequence: TS 400 H (GTGAGGAGTCCG-ACTAATAAAT).
A DNA fragment of -450 bp was thus amplified from turnstone total DNA. Single strands were generated by asymmetric PCR (Gyllensten and Ehrlich 1988 ) and were sequenced directly.
The nearly complete turnstone control-region sequence was then matched with the chicken sequence (Desjardins and Morais 1990) by using MICROGENIE (Beckman Instruments), and three primer pairs were designed, where possible, in conserved regions, to facilitate the amplification and sequencing of the control region. The most forward L primer was designed at the beginning of the turnstone control region immediately Tris-HCl pH 8.0, 1 mM EDTA.
after a short sequence containing a string of C nucleotides ) were used to amplify the other two control-region segments. The latter primer was designed as ending in the anticodon loop of the turnstone Phe-tRNA gene at 27 nucleotides downstream of the control region. Primer sequences are given in the 5'-to-3' direction, with numbering according to the position of the 3' nucleotide.
All amplifications were performed on total DNA isolated from blood according to standard procedures ( Sambrook et al. 1989) .
Results
Control-Region
Sequences of Turnstone and Dunlin
The turnstone control region ( fig. 1 ) is -1,192 bp in length, compared with 1,227 bp in chicken. A repetitive sequence occurs at the end of the control region. In our clone this sequence is 103 bp in length and consists of only A and C nucleotides.
This dinucleotide repeat has not been found in chicken or in any other vertebrate control region reported to date. The turnstone controlregion sequence does not contain either a considerable number of direct or inverted repeats (secondary structure) or an open reading frame of significant length. Comparison of the turnstone and chicken control regions (Desjardins and Morais 1990) indicates an overall match of 55%. Identity ~80% over a minimum of 20 bp is present only in sequence blocks in the large central part of the control region, in which the CSB 1 element found in chicken is also preserved. Only these blocks are shown for the chicken sequence in figure 1. Sequences at the beginning and end of the turnstone and chicken control regions do not show any apparent match at all.
As in the chicken and other birds (Desjardins and Morais 1990) , the tRNA gene for glutamic acid (not proline) is immediately in front of the turnstone control region. This supports the hypothesis that the mitochondrial rearrangement found by Desjardins and Morais ( 1990) may be typical for the whole class Aves. Mitochondrial 
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A nearly complete sequence of the dunlin control region was obtained, with the exception of approximately the first 96 bp ( fig. 1 ). The dunlin sequence is an estimated 1,168 bp in length. Like the turnstone, it shows an AC repetitive sequence at the end of the control region. The dunlin and turnstone control-region sequences show an overall match of 83.5%. Table 1 gives the nucleotide compositions of the three control-region sequences of turnstone, dunlin, and chicken that are illustrated in figure 1. The low G content in the L-strand of these sequences is striking. Thus the reported low G content in the L strand in the coding sequences of avian mtDNA genes Edwards and Wilson 1990; Birt et al. 1992 ) also applies to the control region. The T content of the two shorebird sequences is lower than that of the chicken sequence. This difference is largely due to the presence of the AC repetitive sequences in the 3' end of the shorebird control regions, whereas this part of the chicken sequence is T rich (see Desjardins and Morais 1990) .
Interspecific Mutational Divergence
To depict the distribution of nucleotide substitutions over the control-region sequences, we counted the number of differences by comparing turnstone and dunlin over segments of 25 bp starting from position 97 ( fig.  2 ). Most differences between these species were concentrated at the beginning and end of the control region, outside a bipartite conserved central part. The same spatial pattern of sequence conservation in the control region was observed when the distantly related chicken was compared with the shorebird species. For comparative purposes, we artificially divided the control region into three parts ( fig. 2) , the 5' and 3' ends (parts I and III, respectively) and the conserved central block (part II). The percentage of sequence divergence between turnstone and dunlin, for each part, was 2 1.8% for part I, 7.5% for part II, and 29.5% for part III. Part III includes the AC repetitive sequence.
The number of transitions is approximately equal to the number of transversions for parts I and III, whereas there is a 3 : 1 bias for transitions over transversions for part II (table 2). As transitions are far more likely to occur than are transversions, the low ratio in parts I and FIG. 1 .-Alignment of the control-region L-strand, for turnstone, dunlin, and chicken. The turnstone sequence is presented in full, and identity in the dunlin and chicken sequences is indicated by dots. Undetermined nucleotides are indicated by a lowercase "n." Gaps introduced to improve the alignment are indicated by a hyphen. Chicken sequence is only presented when >80% identity exists over a minimum length of 20 nucleotides. A gap present in both the turnstone and the dunlin sequence implies the presence of a nucleotide at the corresponding position in the chicken sequence. The BarnHI restriction site that was employed for cloning part of the turnstone control-region sequence is indicated. The conserved sequence block CSB 1 is underlined in the chicken sequence. Variable nucleotides in the comparison of five turnstones and three dunlins are underlined in their respective sequences (see fig. 3 ). The turnstone is from The Netherlands, the dunlin is from southern Alaska, and the chicken sequence was taken from the work of Desjardins and Morais ( 1990). III may indicate extensive back mutation between transitional states once transversions have occurred. In a phylogenetic study, these multiple hits will cause an underestimation of genetic distance. Parts I and III are therefore less suitable for between-species evolutionary studies.
The deletions and insertions that occur throughout the control region reflect the noncoding nature of this sequence.
Intraspecific Variation
To gain insight into the nature of variation between individuals of the same species, we amplified and sequenced almost-complete control regions from a total of five turnstones and three dunlins. Because of variation in the length and core sequence in the AC repetitive region, we restricted our comparison to unique sequence from position 97 to the beginning of the AC repeats ( -1 kb). The five turnstones showed variation at 23 positions, the three dunlins at 32 positions ( fig. 3 ). The number of differences between the two species differed noticeably in parts II and III. Part II was unvaried in the turnstones but had a total of 10 differences in the fig. 1 . Numbers below the histogram mark the borders of the conserved central part (part 11) and the more variable parts at the beginning (part 1) and the end (part III) of the control region. Numbering is as in fig. 1 . three dunlins. Conversely, part III had eight differences in turnstones and only three in dunlins. In both species, part I had the greatest number of differences, with 15 and 19 differences observed in turnstones and dunlins, respectively. However, when substitution rates/ nucleotide are calculated to correct for the different sizes of each part of the control region, parts I and III in the turnstones have identical rates of divergence, as do parts II and III in the dunlins (table 3) . In dunlins the substitution rate is highest in part I of the control region.
The average pairwise divergence for the entire control-region sequences is 0.9% for the turnstones and 2.0% for the dunlins. The decreased magnitude of divergence within species is also reflected in the larger ratio of transitions to transversions ( -10 : 1 for turnstones and 5 : 1 for dunlins (table 3 ) .
Within each species there is considerable heterogeneity in sequence divergence among individual birds, in their control regions. For example, one turnstone from Florida ( fig. 3 ) is approximately twice as divergent from the rest as the latter are among themselves. This bird represents a unique mitochondrial genotype that, on the basis of a survey of a larger sample of turnstones (see below), is not typical for its geographical region of origin. Similarly, the dunlin from Florida had almost three times as many differences from the dunlins from Alaska and the Taymyr Peninsula in Siberia as the latter two had from each other. fig. 1 and are underlined in fig. 1 . The AC repetitive sequence at the end of the control region was not included in the comparison.
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Repetitive Sequences
Whereas the largest part of the control region of the turnstone and dunlin evolves by point mutation only, the AC repetitive sequence varies in its core sequence and/or the number of repeats (fig. 4) . The total length of the AC repetitive sequence ranged from 52 to 123 bp in the five turnstones and ranged from 82 to 102 bp in the three dunlins. Turnstones also differed in the composition of the core sequence of the repeats (CAACAAA and / or CAACAAACAAA ) . The AC repetitive sequence in the three dunlins differed by length only and consisted solely of the repetition of CAAA. Although the AC repetitive sequence (a) is different for each turnstone and dunlin reported here and (b) also differs among a small sample of five turnstones from the same locality (results not shown), it is not known whether this highly variable sequence constitutes a kind of mtDNA fingerprint for individuals.
Population
Genetic Structuring
Since part I of the control region was the most variable part with respect to nucleotide substitutions, we assessed its potential in elucidating the molecular population structure of each species, by sequencing this part in larger samples of 25 turnstones and 25 dunlins from around the world. Sixteen genotypes were found in the turnstones, based on variation in 22 of the 30 1 nucleotide positions ( fig. 5A ) . Most ( 14 of 22) differences were specific to individual birds. Average pair-wise sequence divergence among individual turnstones was 0.9%. A few differences were shared between individuals from the same geographic region, and one difference (T at position 2 19 in fig. 5A ) was spread over turnstones from six different localities. Only turnstone 9 from Florida stands out, with a 3.0% divergence of this sequence from the others.
The 25 dunlins have substitutions at 27 of 297 nucleotide positions in their part I sequences ( fig. 5 B) . They also sort into 16 genotypes, but they have a much higher average pairwise sequence divergence, 3.7%, than do the turnstones. Many differences were shared between individuals within populations, but different breeding populations were distinguished by specific groups of closely related genotypes ( fig. 5 B) . Many differences were thus population specific, especially for the dunlins from the Gulf Coast (Texas and Florida) of the United States. Four different clusters of genotypes were recog- nized among these 25 dunlins: cluster A for the birds from western Europe, cluster B for the birds from Texas and Florida, cluster C for the birds from the Taymyr Peninsula in Russia, and cluster D for the birds from Alaska.
Discussion
Control-Region Sequence Evolution
Comparison of the control regions of the turnstones and dunlins sequenced with the corresponding sequence of chicken revealed that the central part of the control region (part II) is conserved relative to the parts at the beginning (part I) and end (part III). This pattern of sequence conservation is also found among control regions of other vertebrates, such as rat, cow, and human (Brown et al. 1986; Saccone et al. 199 1 ) , although in these instances the conserved central part has been shortened (from its 3' end) to approximately half the size that we have defined. Because the main regulatory elements for transcription and replication of the mitochondrial genome seem to be located outside the central conserved sequence of the vertebrate control region (Saccone et al. 199 1 ), a clear reason for constraint on sequence variation of this part remains to be identified.
Control-region sequence evolution at higher phylogenetic levels in birds has been accompanied by increasing divergence, mostly in the variable parts I and III. For example, intraspecific comparison of the controlregion sequences for five turnstones and three dunlins shows a low average sequence divergence in part I ( 1 .O% and 2.2%, respectively) and in part III ( 1 .O% and 0.6%, respectively), for both species. These parts are, respectively, 22% and 30% divergent in an intergeneric comparison of the turnstone and dunlin, whereas an interordinal comparison between turnstone and chicken reveals no sequence similarity at all in these parts.
Unlike other vertebrates studied to date, the two shorebirds in this study have an AC repetitive sequence at the 3' end of the L strand. This sequence varies in length because of the variable number of tandem repeats of a short core sequence in turnstones and dunlins, and it shows additional polymorphism in turnstones by variation in the repeat itself. It is therefore almost certainly nonfunctional within the mitochondrial genome. Because of the absence of recombination in the haploid mitochondrial genome, slippage during DNA replication is the only likely mechanism for the generation of the length polymorphism.
Size heterogeneity as observed in the amplification product containing the AC repetitive sequence was most likely a result of the same enhanced process during in vitro replication.
In rabbits, tandem repeats of 153 and 20 nucleotides are present near the 3' end of the control region. These repeats cause interand intraindividual heterogeneity (Mignotte et al. 1990 ). In our small samples of turnstones and dunlins the repetitive sequences were individual specific. However, many more individuals have to be sequenced if we are to estimate the extent of polymorphism of the AC repetitive sequence in natural populations.
Population
Genetic Structure
Analysis of the variable part I of the control regions of 25 turnstones and 25 dunlins revealed remarkable differences between the two species. Dunlins not only exhibit considerable differentiation in their sequences but also have a strongly subdivided population genetic structure over their circumpolar breeding range in the Northern Hemisphere.
A more extensive study of two hypervariable segments of the control region and part of the cytochrome b gene in 73 dunlins has confirmed these results (Wenink et al. 1993 ). Strong natal philopatry coupled with the high rate of mutation in part I ....... A ..............  ......... T ............  ..... G ................  .... T .................  A ........ T ............  ......................  ......................  .C ....................  ......... ..c..c .. control-region sequences appears to maintain these population genetic differences. Deeper branches in the phylogeny of these genotypes suggest that genetic subdivision evolved when the populations were fragmented in different Pleistocene refugia, as argued elsewhere on Mitochondrial 
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the basis of morphometric differences (Greenwood 1986) .
In contrast, turnstones have very few nucleotide substitutions in their part I control-region sequences. Almost all mutations in this part are individual specific, and the few mutations that are shared either occur in only a few birds in a population or are distributed among birds from different populations ( fig. 5 ). In addition, sequences of a piece of the mitochondrial cytochrome b gene were invariant in 10 turnstones sampled around the world (Wenink and Baker, unpublished) . Thus the turnstone is apparently unstructured geographically, in its mtDNA sequences. On the basis of a restriction analysis of mtDNA, Ball et al. ( 1988) found a similar lack of sequence divergence and wide geographic dispersion of haplotypes in 127 redwinged blackbirds sampled across the North American continent. They attributed this near-panmixia to the dispersal capabilities of these birds and argued that gene flow was preventing population genetic differentiation. For turnstones, such homogenizing gene flow would have to occur on a global scale. This seems unlikely, both because several biogeographic populations are largely confined to different flyways during migration (Summers et al. 1989 ) and because the turnstone also exhibits strong individual site fidelity (Metcalfe and Furness 1985 ) . The low sequence divergence among the mtDNA genotypes suggests, instead, that turnstones have recently expanded from a refugial population that was bottlenecked in the recent past. Two subspecies of turnstones have been assigned on the basis of plumage differences between North American and Eurasian birds (Cramp and Simmons 1983) . These plumage differences could have arisen very recently by strong selection for disruptive coloration in the different regions, because quantitative characters such as these have high mutation rates, on the order of 10 -4/population /generation (Turelli et al. 1988) . Such divergence of plumage characters has evolved in subspecies of Canada geese (Branta canadensis) within the past lO,OOO-50,000 years (Van Wagner and Baker 1990). Alternatively, plumage differences may reflect nongenetic responses to differing environmental regimes, though this seems less likely in light of the range of habitats in which turnstones live in either region.
Our study demonstrates the utility of part I sequences of the control region of mtDNA in elucidating the very different population genetic structures of these two species of shorebirds. When combined with intraspecific phylogenetic analysis of genotypes sampled over a broad geographic range, the resultant phylogeography of the species can be described, and the microevolutionary forces responsible can be inferred (Avise 1989 ) . The 30 Wenink et al. advent of PCR and direct sequencing of fast-evolving mtDNA regions provide unparalleled opportunities for advancing our knowledge of the evolution of population genetic structure in natural populations.
Note added in proox--The sequences in figure 1 have previously been submitted to GenBank. The accession numbers are as follows: dunlin-L 20 137, Calidris alpina mitochondrial D-loop DNA sequence; and turnstone-L 20 136, Arenaria interpres mitochondrial Dloop DNA sequence.
